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ABSTRACT
Transits of bright stars oer a unique opportunity to study the detailed prop-
erties of extrasolar planets that cannot be determined through radial-velocity
observations. We propose all-sky small-aperture transit surveys as the best way
to nd such systems. We derive a general formula for the number of stars that
can be probed for such systems as a function of the characteristics of the star, the
planet, and the survey. In particular, we show that the majority of stars probed
will be G stars.
Subject headings: techniques: photometric { surveys { planetary systems
1. Introduction
In the past three years, great strides have been made in the detection of extrasolar
planets (XSPs). To date, nearly all of the roughly 100 known XSPs have been initially
discovered using the radial velocity (RV) technique. However, RV detections, in and of
themselves, yield only a few planetary parameters, namely the period P , the eccentricity e,
and M sin(i), where M is the mass of the planet and i is the inclination of its orbit. By
contrast, if a planet transits its host star, much more information is potentially available.
First, of course, the M sin(i) degeneracy can be broken. Second, the ratio of the radii of the
planet and host star can be measured. Therefore, provided that the star can be classied well
enough to determine its radius, the planet radius and hence its density can be determined.
Third, and perhaps most important, if the transits can be observed with sucient signal-
to-noise ratio (S/N), then one can probe otherwise unobservable details of a planet, such as
its oblateness (Hui & Seager 2002), atmospheric conditions (Charbonneau et al. 2002), and
perhaps satellites and rings.
Regardless of how a planet is initially discovered, once it is determined to have transits,
this wealth of information can in principle be extracted by intensive observation of these
transits. Indeed, the rst and best studied transiting planet, HD209458 (Charbonneau et
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al. 2000; Cody & Sasselov 2002) was rst discovered using the RV technique (Henry et al.
1999).
It would at rst appear that the best way to detect transiting planets is to conduct a
transit search. However, if the goal is to detect HD209458-like systems { transits of stars that
are so bright that the extremely high S/N required to extract detailed planet characteristics
can be obtained with present or foreseeable instruments { then it is far from obvious that
transit searches are the best approach, especially since RV surveys have to date been more
successful at nding these interesting transits. Since the surface density of bright stars is
very low, what is most critical is broad, preferably all-sky, coverage. To date, it is RV
searches that have been most focused on broad sky coverage and bright stars, and this is the
fundamental reason that HD209458 was rst discovered in this type of survey.
By contrast, all ongoing and proposed transit surveys are carried out in relatively narrow
pencil beams that make up for their small angular area with relatively deep exposures. These
surveys fall into two basic classes: eld stars (Howell et al. 2000; Brown & Charbonneau
1999; Mallen-Ornelas 2001; Udalski et al. 2002)1, and clusters (Street et al. 2000; C. Burke
2002, private communication)2. These surveys are potentially capable of establishing the
frequency of planets in various environments, but they are unlikely to nd the kinds of
transits of bright stars that would be most useful for intensive follow-up analysis.
An alternative method is to conduct an all-sky survey. Instead of continuous observation
of all targets (which is impossible from a practical standpoint for an all-sky survey), this
approach would involve revisiting each target in the sky at regular, semi-regular, or random
intervals throughout the course of the project. This approach is especially relevant given
the fact that there are several all-sky surveys already being planned for objectives other
than transit detections. It should be possible, for instance, to utilize the photometric data
stream of upcoming astrometric missions for transit detection. Space-based projects such
as GAIA3 and DIVA4 would take hundreds of observations of millions of stars over mission
lengths of years with the aim of obtaining precise astrometry. These data could equally well








There are also several existing or proposed ground-based all-sky surveys, including the
Large-aperture Synoptic Survey Telescope (LSST)5, the Panoramic Optical Imager (POI),
and the All-Sky Automated Survey (ASAS)6. These surveys will be imaging the entire sky
every few days, a qualitatively similar cadence to those of GAIA and DIVA. While LSST
and POI will likely be saturated at the bright magnitudes (V . 12) of greatest interest for
transit follow-ups, ASAS is of particular interest in the present context because of its very
small aperture.
In this paper, we examine the process of analyzing photometric data streams from all-
sky surveys. We calculate the sensitivity to XSP detection, the distance out to which these
detections will be possible, and the number of false-positive detections due to random noise.
We derive a general expression for the number of stars that can be probed by this technique
as a function of the total S/N of the survey. Based on our analysis, we show explicitly that,
regardless of an all-sky survey’s specic characteristics, it will always be most sensitive to G
stars.
2. Scaling Relations
Consider a homogeneous population of stars with spatial density n? and radius R?, each
of which is orbited by a planet with semi-major axis a and radius rp. Assuming photon-








where d is the distance out to which a transit can be detected in an edge-on (i = 90o) orbit.
The integral accounts for the fact that the planet may cross the star’s disk anywhere between
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where Nt is the number of observations of the transit over the length of the mission,  is the
fractional change in the star’s brightness during the transit,  is the fractional error of an
individual flux measurement, and 2min is the minimum acceptable dierence in 
2 between
a t that assumes a constant flux and one that takes account of a transit. As we discuss in
x3, 2min must be set suciently high to avoid spurious detections due to random noise.
We now derive a general equation for the total number of systems that can be probed
by a given all-sky survey, Np, as a function of four properties of the system: the luminosity
of the host star L?, the radius of the host star R?, the semi-major axis of the planet’s orbit
a, and the radius of the planet r.
 To determine the dependence of Np on L?, we note that in equation (1), the only factor
that depends on L? is d
3. For a particular star, the flux f = L?=(4d
2), thus d / L1/2? ,
and so Np / L3/2? .
 For the dependence of Np on R?, we note that f / d−2, and that  / f−1/2, so d / .
From equation (3), we see that  / N1/2t . Since Nt is the total number of observations
of the star during transits over the length of the mission, Nt = Nobs(2R?)=(2a). Also,
 = (r)2=(R?)
2. That is, d / R−3/2? . Combining these relations with the explicit
factor of R? in equation (1) itself, we arrive at Np / R−7/2? .
 For the dependence of Np on a, we see that d / , and  / N1/2t . Using Nt / a−1,
we have d3 / a−3/2, and so Np / a−5/2.
 Finally, for the dependence of Np on r, the only factor that depends on r is , from
 = (r)2=(R?)
2. Thus  / r2, and so Np / r6.
























where d0 is the maximum distance at which an i = 90
o transit can be detected for a star of
luminosity L0, radius R0, with a planet at semi-major axis a0 and radius r0.
We adapt the number density of stars n? from the empirically determined local stellar
luminosity function (LF): for faint stars (8.25  MV  17.50) we use the LF reported in
Zheng et al. (2001), and for the bright stars (4.0  MV  8.0) we use the LF of Bessell &
Stringfellow (1993).
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To estimate stellar radii, we combine the linear color-magnitude relation MV = 3:37(V −






= 0:69 + 0:2226(V −K)− 0:2MV (5)
based on the data of van Belle (1999), and V IK color relations for dwarfs from Bessell &
Brett (1988).
Hence, the quantities L?, R?, and n? may all be regarded as functions of MV , the
absolute magnitude of a class of stars. We can therefore calculate the relative number of
systems with a xed a and r as a function of MV , which we designate












and arbitrarily normalize such that F (MV = 5) = 1. The resulting function (Fig. 1) shows
that the great majority of stars that are probed will be G-type (3:5 . MV . 6:5). To
check how this distribution depends on the size of the volume sampled, we recalculate the
distribution function for the case in which the observed stars cover a much larger volume
{ one which would be better described by a thin disk, rather than a spherically uniform
distribution. For this case we nd that the scalings shown in equation (5) are replaced by
F (MV ) / LR−2. The distribution function is still dominated by the G-stars, but there are
more K- and early to mid M-stars (7 .MV . 12).
3. Random Noise
Equation (4) describes what kinds of XSP systems can be detected by a certain survey,
given a photometric detection limit. The threshold 2min is determined by taking account
of the fact that the data stream from an XSP search must be analyzed for any combination
of the parameters R?, a, and r within reasonable ranges. Such analysis will, however, yield a
number of false-positive detections due to random noise. The threshold value of 2min must
be chosen to yield a manageable number of candidate systems for follow-up observations.
To determine 2min, we generate 25 independent simulated streams of photometric
observations of a single system with a host star of one solar mass and a circular planetary
orbit. We attempt to simulate a schedule that would be characteristic of an all-sky survey
that re-images a given star approximately every few days with varying intervals between
observations. We generate 1000 observations at irregular intervals over 1800 simulated days,
and then phase the observations for a range of periods from 3.0 to 3.1 days and various
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transit lengths. Diering lengths of the transit depend on the orientation of the system
with respect to our line of sight, and we analyze for eight equally spaced, progressively more
inclined orientations. For each orientation, we test for 16 equally spaced phases. We test the
resulting data sets for transit-like dips in the light curve, which we dene simply as intervals
during which the local mean light curve dips signicantly below the global average.
The result shows that for this kind of system, in order to restrict follow-up analysis to
the 10% of the full sample most likely to yield a true transit detection, the value for 2min
should be set to  27. To check how robust this number is, we run the simulation with
several dierent congurations. First, we generate a set of observations that are randomly
distributed throughout the 1800 day mission, with the requirement that no two observations
be less than 10 minutes apart. Then we redo the data set with observations that are evenly
spaced throughout the project. We also conduct the analysis with evenly spaced pairs of
observations, with pairs separated by 14.4 minutes; and then again with the pair-spacing at
43.2 minutes.
These dierent congurations test for dierent types of observing schedules. For in-
stance, a ground-based all-sky survey would most likely observe a star at essentially random
times throughout a project. On the other hand, a spaced-based mission with a slowly rotat-
ing telescope (similar to the Hipparcos satellite) would observe a star in pairs of observations
separated by minutes. For various reasons there could be a certain regularity imposed on
either the space- or ground-based observations.
We nd that the value for 2min does not depend strongly on the observing schedule.
We determine this by taking the highest value of 2 for each of the 25 independent sets
of simulated data, sorting the sets from highest value of 2 to lowest, and then plotting
the results for each type of observing schedule (Fig. 2). We nd that there is only a  10%
variation in 2min for dierent schedules.
The value of 2min depends on the number of dierent parameter congurations that are
tested. When we rerun our analysis using a period range of 3.0 to 3.5 days, we increase the
size of our parameter space by a factor of 5. We expect that the value of 2min depends on the
size of the parameter space, Ψ, according to 2min(Ψnew)−2min(Ψold) = 2 ln(Ψnew=Ψold).
This prediction agrees with the simulations, which show that an increase in parameter space
by a factor of 5 leads to an increase in 2min by 2 ln(5) = 3:2.
We then predict 2min if the size of the parameter space is expanded to search for
transits with periods between 2 and 10 days (the range of periods most probable for the sort
of ducial values of the other parameters we have chosen). This would increase Ψ by a factor
of 16 compared to the period range of 3.0 to 3.5 days. Therefore, 2min(16) = 2 ln(16) = 5:5.
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So the value expected for 2min for such an analysis is about 36.
4. Number of Systems Probed
Let γ be the total number of photons that are detected from a V = 20 star during the
entire project. We can utilize the various relations used to derive equation (4) to relate γ to
V , yielding








Then, considering equations (3), (4), and (6), we obtain















where we have adopted γ0 = 2000, a0 = 20R, r0 = 0:10R, and where we have made our
evaluation at MV = 5, i.e. R0 = 0:9704R and n0 = 0:004pc−3. The value γ0 = 2000
is derived from equation (7) using V = 20 and the other ducial parameter values. The
dependence of Np on 
2
min is determined using the same methods as in x2.
One noteworthy attribute of equation (8) is that Np only depends on the S/N of the
survey through the parameter γ. Therefore, Np does not depend on any other characteristic
of the survey aside from the total number of photons observed. Np also depends on 
2
min,
which is determined by the characteristics of the analysis of the data gathered. However,
2min is logarithmically dependent on the size of the parameter space Ψ to be searched.
Therefore, since Np is explicitly dependent on the parameters of the probed systems, such
as r and a, the eect of the dependence on 2min is comparatively very weak.
We envision two scenarios to which these results will be applicable. In one, a search
for XSPs could piggy-back on a space-based astrometric mission, such as GAIA. In the
other scenario, a ground-based survey could use one or more dedicated telescopes to search
all bright stars in the solar neighborhood. Either way, our results should prove useful for
planning and executing these searches.
This work was supported in part by grant AST 02-01266 from the NSF.
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Fig. 1.| The relative number of potential transiting systems F (MV ) probed for xed plane-
tary radius r and semi-major axis a as a function of MV . The solid line applies to a uniform
distribution of stars { to model the immediate solar neighborhood. The dashed line applies
to a thin disk { to model a search of a large portion of the Galactic disk. The distributions
are arbitrarily scaled such that F (MV = 5) = 1.
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Fig. 2.| The highest 2 values for each of 25 runs, plotted by rank, for each type of
observing schedule. For four of the curves, a period search is conducted only for periods
of 3.0 days to 3.1 days. Shown are a random schedule (solid), a regular schedule (short-
dashed), a regular schedule with 14.4-minute pair-spacing (long-dashed), a regular schedule
with 43.2-minute pair-spacing (dot-dashed). The dotted line is the random schedule with a
period range of 3.0 to 3.5 days.
